A flexible sound generator based on the thermoacoustic effect was proposed for use with thin and flexible devices. The proposed sound generator was composed of three thin films made of aluminum, polyimide, and graphite for effective interaction between acoustic energy and heat. The aluminum functions as an electrode for heat radiation into the air, polyimide as a heat insulator, and graphite as a heat sink. The shape of the electrode was a rectangle. Relationship between sound pressure, applied voltage and temperature change of the electrode was modeled. Radiated sound pressure was analytically described as a function of the input signal's frequency. Experimental measurements were carried out and they showed the validity of the model in terms of radiated sound pressure estimation from the proposed structure with selected materials.
INTRODUCTION
Sound generation by the thermoacoustic effect is based on a quite different principle to that of a conventional dynamic loudspeaker. The thermoacoustic effect is derived from an interaction between acoustic energy and heat. The phenomenon itself was already known in the 19th century [1] , and one of the earliest acoustic researches was presented by Arnold and Crandall in 1917 [2] . Since then, various studies on sound generation by the thermoacoustic effect have been turned out continuously [3] [4] [5] [6] [7] .
Interest in flexible electronic devices has grown in recent years. Organic devices, e.g. organic light-emitting diode (OLED) displays [8, 9] , are especially remarkable because the organic materials have several inherent advantages that inorganic materials do not: diversity of material selection, ease of processing, and flexibility. Thus, devices with novel functions and specialties are strongly expected to be developed by using organic materials. Such an innovation in technologies is now beginning to be adopted in the broadcasting field. Flexible displays using OLED and organic thin film transistor (TFT), which can be bended and rolled up, are under active investigation for the sake of advanced mobile displays [8, 9] . Moreover, the OLED displays will become one solution to a large direct-view display for Super Hi-Vision (SHV) [10, 11] , which is a next-generation television system with 33-Megapixel resolution.
For television use, the flexible displays should be equipped with loudspeakers. However, conventional dynamic loudspeakers are not always suitable for sheet-type displays because of their size and weight. In addition, their forceful vibration might have a malignant influence upon the display's internal structure. Thus, we touched on development of a flexible sound generator based on the thermoacoustic effect. As described above, this study has two crucial points. The first is that a structure is mainly made from materials for unified architecture and fabrication process with the OLED displays [12] . The second is sound generation without mechanical vibration.
In this paper, we describe the flexible sound generator we proposed and fabricated. We model the relationship between sound pressure, applied voltage and temperature change of the electrode and carry out several acoustical measurements. Finally, we discuss the obtained results.
FLEXIBLE SOUND GENERATOR BASED ON THERMOACOUSTIC EFFECT
Structure and Material Figure 1 shows the structure of the proposed flexible sound generator. It is composed of three thin films made of aluminum, polyimide, and graphite. The thickness of each layer is about 50 nm, 75 Pm, and 40 Pm, respectively. The aluminum functions as an electrode for heat radiation into the air, polyimide as a heat insulator to radiate the generated heat from one side of the aluminum electrode, and graphite as a heat sink. Because the polyimide cannot insulate heat completely, it is gradually warmed and then needs to be cooled. Table 1 lists the function and thermal constant of each material. Figure 2 shows a fabricated sound generator. A single aluminum electrode is about 100 mm × 4 mm rectangle. As shown in Fig. 2 , the fabricated sound generator is flexible enough to be bended and rolled up. We made six sound generators on the same substrate and picked up a single generator in this study. We applied the voltage from copper leads. The resistance between the leads is 22 :. FIGURE 2. Fabricated sound generator. Six sound generators were made on the same substrate. The right-hand picture shows that the sound generator is flexible enough to be bended and rolled up.
Operation Principle
The operation principle of the proposed sound generator is based on the thermoacoustic effect that converts the heat energy into the acoustic energy. The energy conversion process starts from the generation of the Joule heat on the electrode by inputting electrical power. Next, the generated heat moves into the air in touch with the electrode's surface and warms the air. Then, the air density changes.
If we vary the heat by using the ac voltage, the Joule heat is modulated in accordance with the input power. Note that the input power is proportional to the square of the input signal and the frequency of the heat variation is duplicated from that of the input signal. Accordingly, we adopted the ac signal superimposed on the dc bias voltage in order not to duplicate the frequency.
Finally, the heat variation causes a variation of the air density and results in a wave of condensation and rarefaction, namely sound waves.
Modeling
To select appropriate materials for sound generation and estimate radiated sound pressure, we modeled a relationship between sound pressure, applied voltage and temperature change of the electrode. The relationship between applied voltage and temperature change of the electrode is described as follows [1, 4] 
where V dc is the dc bias voltage, V ac sinZt is the ac signal, R is a resistance of the electrode, S is an area of the electrode, E is a heat loss per unit area of the electrode, Q is an instantaneous heat flow per unit area to the air, and C S is a heat capacity per unit area of the electrode. Relating Eq. where D is a thermal diffusivity of the air, U is a density of the air, T 0 is a room temperature, r is a distance from the sound generator, and f is a frequency. In Eq. (2),
, where N is a thermal conductivity of the air. The difference in the resultant equation from the previous study [4] is due to whether dc bias is superimposed and whether sound is radiated from one-side or both sides. Conducted model Eq. (2) predicts that the sound pressure level (SPL) increases along about a +3 dB/octave slope.
In Eq. (2), C S and R, which concern material of the electrode, change according to used materials. We tested several metals in the preliminary experiment to increase the SPL by selecting an efficient metal for sound generation. As a result, we decided to adopt the aluminum as electrode considering ease of processing, affinity to the polyimide, and practical driving range of the applied voltage and current.
EXPERIMETAL RESULTS

Experimental Setup
All measurements were conducted in an anechoic chamber with dimensions of 7.8 m (W) × 7.6 m (D) × 6.8 m (H) and a cut-off frequency of 40 Hz. The measurements were performed at a distance of 0.5 m from the sound generator, using a Brüel & Kjaer 1/2 free-field microphone (type-4191) and a microphone amplifier (type-2669); the sound generator was driven by high-speed amplifier (POP60-2.5; Matsusada Precision Inc.) that can superimpose the input ac signal on the dc bias voltage. Neither baffles nor enclosures were used. Figure 3 shows the measured amplitude frequency response in black dots. V dc was 15 V and V ac was 7 V (rms). The calculated amplitude frequency response by Eq. (2) is illustrated by the red dashed line. It was found that the measured SPL increases approximately in a +3 dB/octave slope as the model conducted. 
Amplitude Frequency Response
Input Level Dependence of Fundamental Response and Harmonic Distortion
We measured input level dependence of the fundamental response and harmonic distortion. We fixed the frequency of input signal at 2 kHz, so the fundamental response was measured at 2 kHz and the second harmonic distortion at 4 kHz. Figure 4 illustrates that the fundamental response is proportional to the ac signal (+6 dB/octave) and the second harmonic distortion is proportional to the square of the ac signal (+12 dB/octave). Figure 5 shows SPL transition plotted as a function of the dc bias voltage from 5 to 17 V. V ac was fixed at 3.5 V (rms). It was found that the fundamental response is proportional to the dc signal (+6 dB/octave). On the other hand, the second harmonic distortion was almost unchanged.
Herein obtained results was found to follow Eq. (1), which indicates that the fundamental response component (concerning sinZt) is proportional to V dc V ac , and the second harmonic distortion component (concerning cosZt) to V ac 2 . It can be said that the proposed sound generator operated in accordance with our model. 
Surface Vibration
We experimentally observed the surface vibrations of the sound generator using a laser Doppler velocimeter (Polytec OFV 056 and Polytec OFV 3001 S). Figure 6 shows 3D images of displacement of the surface vibrations at 2 kHz with and without input signal. The longer side of the image corresponds to the sound generator's longer side.
In Fig. 6 , distributed motion was observed in both images and such a tendency was unchanged for the other frequencies. Observed displacement of both measurements were within 100 nm.
It is known that an absolute value of sound pressure radiated from a vibrating circular plate with an infinite baffle in the far field |p| is expressed as ‫||‬ = ఘௌ ‫,|ݒ|‬ where f is frequency, U is a density of the air, S is an area of the plate, r is distance, and v is vibration velocity [13, 14] . For diaphragm with an arbitrary shape, the sound pressure is not described simply as the circular plate. However, the sound pressure can be independent of the diaphragm shape if maximum length of the vibrating plane is much shorter than distance r. So, this equation can be used to approximate the radiated sound from an arbitrary diaphragm. Here we calculate the SPL when the whole substrate (10 cm × 15 cm) vibrates, in the case of 2 kHz frequency, 0.5 m distance, and 100 nm displacement. The SPL is calculated to be about 10 dB. Note that it must be lower in the case of the distributed motion as observed. On the other hand, measured SPL at 2 kHz was 36 dB. We hereby concluded that generated sound was not brought by the observed surface vibration, and obtained images are due to external noise or noise floor of measurement system. Thus, the proposed sound generator proved to be vibration-free. FIGURE 6. 3D images of displacement of the surface vibrations at 2 kHz with and without input signal.
DISCUSSION
It was found that the proposed sound generator successfully radiates sound on the basis of the thermoacoustic effect. The amplitude frequency response calculated by the proposed model agreed with that of the fabricated sound generator. From obtained results, we found that the conducted model is useful to estimate radiated sound pressure from the proposed structure with selected materials.
The measured amplitude frequency response was several dB lower than the calculated one. The generated heat is considered to leak to the polyimide layer because it cannot insulate heat completely. Thus, heat loss occurs, resulting in the decrease of SPL.
Our model describes a sound generation process by the thermoacoustic effect. However, it does not take a specific sound generator's shape into consideration. In this study, the fabricated sound generator is considered to work like a loudspeaker array for its long rectangle shape. Sound generator's shape generally influences on radiation pattern and frequency response. Therefore, more precise model is required to reveal an effect of the sound generator's shape on the radiated sound because loudspeaker for OLED displays must be designed considering a confined space available for loudspeaker.
CONCLUSION
This study proposed the flexible sound generator based on thermoacoustic effect and investigated its acoustic characteristics. Experimental measurements showed the validity of the model in terms of radiated sound pressure estimation from the proposed structure with selected materials. We will devise a sound generator structure for more efficient sound generation and increase the precision of the model to design a practical loudspeaker for OLED displays.
